Introduction {#Sec1}
============

Recently scientists have become very fascinated in finding the advanced diagnosis techniques regarding human health due to the increasingly obvious problems concerning foodstuff and the environment. Previously, researchers have proposed several testing method exploiting the examination of exhaled breath containing various inorganic and organic gases produced through the assimilation process from the human bodies^[@CR1]^. Essentially, diabetes, asthma, heart sickness, kidney failure and respiratory infection are mostly associated to the concentration of exhaled acetone, nitrogen monoxide, carbon monoxide, and ammonia, respectively^[@CR2],[@CR3]^. Generally, gas/liquid chromatographic analysis, cavity ring down and ion-flow tube mass spectrometry are most common and representative methods used to detect acetone in exhaled breath, which are time consuming and highly expensive techniques^[@CR4]--[@CR6]^. Subsequently, the developments of chemosensors for monitoring the toxic organic and inorganic gases have considered being simple and convenient method to accomplish the demand over the complex and extreme environmental system^[@CR7],[@CR8]^. The resistive gas-sensor among different sorts of sensors have assumed metal oxide semiconductors (MOS) as sensing materials hold a prominent site due to their benefits; such as simplicity in processing, high sensitivity and low cost^[@CR9]^.

Generally, the gas-sensitivity of p-type metal oxides was relatively lower than that of n-type metal oxides due to differences in their gas sensing mechanisms^[@CR10]--[@CR12]^. Presently, various effective approaches have been introduced to boost the gas-sensing features of the p-type or n-type metal oxides based sensors involving the assembly of complex and multidimensional nanostructures^[@CR13]^, the materialization of nanocomposites^[@CR14]^, the loading of noble metal catalysts^[@CR15]^ and the aliovalent ions doping^[@CR16]^. P-type nickel oxide (NiO) with 3.4 eV energy gap and n-type hematite (*α*-Fe~2~O~3~) with 2.0 eV energy gap are dissimilar imperative functional materials existing as various morphological structures^[@CR17]--[@CR20]^, which have received general attention because of their unique physical and chemical features leading to their great performance in wide range of applications including dye-sensitized solar cells^[@CR21],[@CR22]^, catalysis^[@CR23],[@CR24]^, gas sensors^[@CR25],[@CR26]^, electrodes^[@CR27],[@CR28]^, magnetic materials^[@CR29],[@CR30]^ and electrochemical supercapacitors^[@CR31],[@CR32]^ *etc*.

The use of a single metal oxide can determine a low gas-sensitivity because of insufficient exposing area and low electron transmission due to surface features^[@CR33]^. One of the best significant ways to combine the different physical and chemical features of individual components into one scheme is the fabrication of nanocomposites based on the combination of p-type and n-type metal oxides^[@CR34],[@CR35]^. As regards gas sensing applications, the superior functional performances of the nanocomposites as compare to single-phase metal oxides are mostly attributed to the creation of an inner electric field at the p/n junction interface^[@CR36]--[@CR38]^. A number of approaches had been established to prepare NiO and α-Fe~2~O~3~ based nanomaterials including the hydrothermal method^[@CR39],[@CR40]^, the pulsed laser deposition method^[@CR41]^, the solution plasma method^[@CR42]^, the micro emulsion method^[@CR43]^, chemical vapor deposition, the template-assisted approach^[@CR44]^ and electrospinning^[@CR45]^.

Herein, we report a novel two-step method for the fabrication of nanocomposites based on α-Fe~2~O~3~/NiO nanosheet-covered fibers using electrospinning techniques with the support of hydrothermal method in order to compare and evaluate the structural properties on the gas detecting features towards toxic gases, such as acetone, ethanol, methanol, xylene, toluene and benzene. The crystallinity, morphological structure, chemical composition and gas sensing features of the composites based on *α*-Fe~2~O~3~/NiO nanosheet-covered fibers were discussed.

Results and Discussion {#Sec2}
======================

Crystal, morphological structure and compositional features of the as-prepared bare NiO and the nanocomposites based on α-Fe~2~O~3~/NiO samples were described by using XRD, SEM, TEM, EDS, XPS and BET examination. The composite NiO-PVP nanofibers were turned into pure NiO nanofibers after annealing at 600 °C in air. The XRD pattern of the NiO nanofibers display face-centered cubic phase geometry, which matched well with the standard card NiO (JCPDS Card No. 47-1049), as shown in Fig. [1](#Fig1){ref-type="fig"}. We implemented a hydrothermal method to grow α-Fe~2~O~3~ nanosheets on the surface of electrospum NiO nanofibers and the diffraction pattern with phase purity of as-produced composites based on α-Fe~2~O~3~/NiO nanosheet-covered fibers were presented in Fig. [1](#Fig1){ref-type="fig"}. All the XRD peaks present in the composites based on α-Fe~2~O~3~/NiO corresponds well with the standard crystallographic patterns of the face-centered cubic phase of NiO (JCPDS Card No. 47-1049) and the rhombohedral phase of α-Fe~2~O~3~ (JCPDS Card No. 33-0664) without any extra peaks, which indicates the high purity of α-Fe~2~O~3~/NiO heterostructures. With the increasing of Fe contents, the intensity of diffraction peaks decreases and became broader with a clear phase separation in sample S-2 and S-3 as compare to S-1 based α-Fe~2~O~3~/NiO nanocomposites, which results in reduction of the crystallite size as shown in Table [1](#Tab1){ref-type="table"}. These facts demonstrate that ions can be isolated at the junction and the microstrain established in the composites nanosheet-covered fibers increases while the particle size decreases^[@CR46]^.Figure 1XRD pattern of pure NiO nanofibers, composites S-1, S-2 and S-3 based on *α*-Fe~2~O~3~/NiO nanosheet-covered fibers with different Fe concentrations.Table 1Compositional and structural parameter of as-prepared samples based on α-Fe~2~O~3~/NiO nanocomposites.Sample Code.Atomic Percent % (Fe^+3^)MorphologyCrystalline Parameter hkl & D (nm)Surface Area (m^2^g^−1^)NiO/NanofibersNiO: (200) = 24.66 nm30S-l\
(α-Fe~2~O~3~/NiO)2.6 at.%Nanosheet-covered fibers*α*-Fe~2~O~3~: (110) = 20.86 nm\
NiO:(200) = 23.44 nm41S-2\
(α-Fe~2~O~3~/NiO)4.4 at.%Nanosheet-covered fibers*α*-Fe~2~O~3~: (110) = 18.98 nm\
NiO:(200) = 21.56 nm47S-3\
(α-Fe~2~O~3~/NiO)8.9 at.%Nanosheet-covered fibers*α*-Fe~2~O~3~: (110) = 18.75 nm\
NiO:(200) = 21.45  nm49

The SEM images of the pure NiO sample before and after calcination comprised of ultralong nanofibers with uniform diameter having a smooth surface shown in Fig. [2a--d](#Fig2){ref-type="fig"}. The spreading of the nanofibers were enough random with no clear pattern. The average length and diameter range of NiO nanofibers were about \~13--15μm long and \~0.5--0.6 μm thick. Moreover, the transmission electron microscopy images of NiO nanofibers specifies that the NiO nanofibers were composed of clear smooth surfaces shown in Fig. [2e and f](#Fig2){ref-type="fig"}. The nanofibers were ultralong and continuous with random alignment.Figure 2Typical SEM images of pure NiO nanofibers **(a,b)** Before calcination, **(c,d)** After calcination and **(e,f)** TEM images of pure NiO nanofibers.

Typically, a single sample S-2 based α-Fe~2~O~3~/NiO composites were chosen for examination under scanning electronic microscope. Figure [3a--d](#Fig3){ref-type="fig"} display the SEM images with low and high-magnification of the sample S-2 based nanocomposites before and after calcination, which shows that the electrospum ultralong nanofibers architectures of NiO were maintained but, only growth of α-Fe~2~O~3~ nanosheets as branches over the stem of NiO nanofibers after the hydrothermal treatment. The average length and diameter of S-2 samples were \~13 μm and a diameter of \~0.4 μm thick. The α-Fe~2~O~3~ nanosheets grew outwardly from the surfaces of NiO nanofibers to form the branch heterostructure. The typical SEM images of the samples S-1 and S-3 based α-Fe~2~O~3~/ NiO nanocomposites were shown in Fig. [S1](#MOESM1){ref-type="media"}. The electrospum nanosheet-covered fibers were uniform in diameter having a rough surface with random alignment. Further investigation of morphology of the sample S-2 based nanocomposites was made by TEM, a similar distinct nanosheet-covered fibers structure could be clearly identified as shown in Fig. [3e and f](#Fig3){ref-type="fig"}, which clearly matches with SEM images. It can be realized that the nanosheet-covered fibers have a coarser morphology and are composed of inter-associated grains. All the samples based on α-Fe~2~O~3~/NiO nanocomposites, the nanofibers were too long, continuous and random pattern with readily growth of α-Fe~2~O~3~ nanosheet as branches. The increase of Fe content leads to the amendments in the nanosheet-covered fibers surface with the creation of porous hollow structure among the inter-related nanoparticles. These porous structures in the nanocomposites were also related to the putrefaction of organic phase^[@CR47]^. Thus, these porous morphologies leads to the improved specific surface area and it benefit towards superior sensing features of the sensors.Figure 3SEM images of composites S-2 based on α-Fe~2~O~3~/NiO nanosheet-covered fibers **(a,b)** Before calcination, **(c,d)** After calcination and **(e,f)** TEM images of composites S-2 based on *α*-Fe~2~O~3~/NiO nanosheet-covered fibers.

The elemental composition of bare NiO nanofibers and α-Fe~2~O~3~/NiO nanosheet-covered fibers with different Fe concentrations was performed using EDX's analysis was shown in Fig. [S2](#MOESM1){ref-type="media"}. All the spectra of as-synthesized samples designate the presence of Ni, Fe and O elements in the samples. The atomic percentages of Fe in α-Fe~2~O~3~/NiO nanosheet-covered fibers were 2.6 at% (S-1), 4.4 at% (S-2) and 8.9 at% (S-3), respectively. The rise of oxygen content in composites samples with Fe amounts exposed the existence of oxide phase like α-Fe~2~O~3~ as observed in XRD pattern. Obviously, the stem was NiO nanofibers and the outgrowth branches were α-Fe~2~O~3~ nanosheets according to the spatial spreading of Ni and Fe signals in the EDS spectrum.

To further characterize the composition of the S-2 based α-Fe~2~O~3~/NiO composites, X-ray photoelectron spectroscopy (XPS) was evaluated. It can be realized from the XPS wide spectrum that the S-2 based nanocomposites contained Ni, Fe, O and C elements as shown in Fig. [S3](#MOESM1){ref-type="media"}. The C signal could be ascribed to adventitious hydrocarbon. The complete XPS spectrums of the Fe-2p range and the Ni-2p range were presented in Fig. [4a and b](#Fig4){ref-type="fig"}. In case of Fe-2p spectrum, the Fe-2p peak could be distributed into two signals as presented in Fig. [4a](#Fig4){ref-type="fig"}. Fe-2p~3/2~ and Fe-2p~1/2~ signals were focused at 709 eV and 722.6 eV, respectively, which agreed with the electronic state of α-Fe~2~O~3~^[@CR48]^. In case of Ni-2p spectrum, the Ni-2p peak could be distributed into four signals as presented in Fig. [4b](#Fig4){ref-type="fig"}. The binding energy peaks at 852 eV and 859 eV were ascribed to the Ni-2p~3/2~ and its satellite peak while, the peaks at 870 eV and 877 eV were ascribed to Ni-2p~1/2~ and its satellite. The Ni-2p~3/2~ peaks were credited to Ni^3+^ while, Ni-2p1/2 peaks were ascribed to Ni^2+^ ^[@CR49]^. The XPS results further specified that the ultimate products were composed of α-Fe~2~O~3~ and NiO.Figure 4XPS spectra for composites S-2 based on α-Fe~2~O~3~/NiO nanosheet-covered fibers **(a)** Fe-2p~3/2~ and **(b)** Ni-2p~3/2~.

Likewise, the BET with N~2~ adsorption-desorption analysis were explored for further examination of specific surface area and pore size distribution of the bare NiO nanofibers and the sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers. Figure [5a](#Fig5){ref-type="fig"} presents the N~2~ adsorption-desorption isotherms of all prepared samples, which expose a type IV adsorption isotherm with a H3-type hysteresis loop at different relative pressure ranges. The consistent specific surface areas of bare NiO nanofibers and the sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers were 30 m^2^g^−1^; 41 m^2^g^−1^; 47 m^2^g^−1^and 49 m^2^g^−1^, respectively. From Fig. [5b](#Fig5){ref-type="fig"}, the adsorption pore size distribution curve of all prepared samples indicates the mesopores with broad size distribution, which clearly match with adsorption-desorption isotherms (Fig. [5a](#Fig5){ref-type="fig"}). The desorption distribution curve inset of Fig. [5b](#Fig5){ref-type="fig"} shows sharp pore size distribution which might be false peaks. The spreading of the pore diameter of S-2 based α-Fe~2~O~3~/NiO nanocomposites are more concentrated with a large number of mesopores (peak pore at ca. 2\~10 nm) and a small number of large mesopores and macropores. The great improvements in specific surface area of nanocomposites based on α-Fe~2~O~3~/NiO samples may arise from the voids among close-packing nanosheet-covered fibers and mesoporous voids between the nano-crystallites^[@CR50]^.Figure 5(**a**) Nitrogen adsorption-desorption isotherms and **(b)** The corresponding adsorption-desorption pore-size distribution curves of Pure NiO, S-1, S-2 and S-3 based *α*-Fe~2~O~3~/NiO composites.

Gas-sensing properties {#Sec3}
----------------------

We fabricated gas sensors based on bare NiO nanofibers and the sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers, in order to study the gas sensing properties towards various toxic gases. The transient sensing response characteristics of as-synthesized sensors towards acetone, ethanol, methanol, xylene, toluene and benzene were investigated. The electric resistance of the as-prepared sensors increased sharply on the injection of target gas and then decreased promptly and recovered to its original value after the target gas was released, which displays the sensing performance of p/n type semiconducting sensors.

First of all, the maximum transient gas-sensing responses of the sensors based on bare NiO nanofibers and the sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers towards acetone gas were explored at diverse functioning temperatures from 125 to 250 °C to examine the optimal Fe doping amount into α-Fe~2~O~3~/NiO nanocomposites as well as the correlation between gas response and functioning temperature, as shown in Fig. [6a](#Fig6){ref-type="fig"}. Apparently, the volcano-shaped connection between gas responses and functioning temperature was perceived for all the samples, and the best functioning temperature of each sample was 169 °C. Meanwhile, the gas response was greatly improved due to increasing Fe concentration into α-Fe~2~O~3~/NiO nanocomposites. The sensing responses of the sensors based on bare NiO nanofibers and the sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers to 100 ppm acetone at 169 °C were 2.64, 7.32, 18.24 and 12.41, respectively. The result exposed that the sensor based on S-2 based α-Fe~2~O~3~/NiO nanosheet-covered fibers presented the maximum response to 100 ppm acetone and the value was about 6.9 times superior to that of bare NiO nanofibers.Figure 6(**a**) The transient gas-responses of the sensors based on pure NiO, composites S-1, S-2 and S-3 based on α-Fe~2~O~3~/NiO nanosheet-covered fibers vs operating temperatures to 100 ppm acetone. **(b)** Gas responses of pure NiO and composites S-2 based on α-Fe~2~O~3~/NiO sensors to 100 ppm various target gases (Acetone; Ethanol; Methanol; Xylene, Toluene and Benzene) at 169 °C. **(c)** Real-time sensing-response curves of the sensors based on pure NiO, composites S-1, S-2 and S-3 based on α-Fe~2~O~3~/NiO nanosheet-covered fibers to various acetone concentrations at 169 °C. **(d)** Gas-responses of four sensors as a function of the acetone concentrations at 169 °C. Solid lines show the linear polynomial fitting of the experimental data. **(e)** The change of the sensitivity response of sensors based on pure NiO and S-2 based nanocomposites in different test chamber relative humidity (Error bars represent the standard error obtained in three measurements).

Subsequently, the gas responses of sensors based on bare NiO nanofibers and the sample S-2 based α-Fe~2~O~3~/NiO nanosheet-covered fibers to 100 ppm of various target gases at 169 °C were examined. The target gases comprised acetone, ethanol, methanol, xylene, toluene and benzene. As shown in Fig. [6b](#Fig6){ref-type="fig"}, the sensor S-2 based α-Fe~2~O~3~/NiO nanosheet-covered fibers exposed superior response for all tested gases compared to that of bare NiO nanofibers. Moreover, the response of both sensors to acetone was obviously better than that to other gases. The sensing selectivity of obtained sensor S-2 based α-Fe~2~O~3~/NiO nanocomposites for acetone detection can be explained by the relatively low bond dissociation energy of acetone molecules (393 kj/mol) as compare to other volatile organic compounds (VOCs) gases^[@CR51]^. Meanwhile, large number of oxygen contents (O~C~ and O~V~) and the formation of p-n junction on the surface of the Fe~2~O~3~/NiO nanocomposites make it release more electrons during redox reaction between acetone molecules and chemically adsorbed oxygen ions, which reflects its selective detection.

The real-time sensing response of as-synthesized gas sensors based on bare NiO nanofibers and the sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers at 169 °C towards different acetone concentration ranges from 5--100 ppm shown in Fig. [6c](#Fig6){ref-type="fig"}. As all the sensors based on sample S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers displayed enhanced sensing response for acetone gas compared to the bare NiO nanofibers. It has been perceived that the response increased with increasing acetone concentration from 5 to 100 ppm for all the prepared sensors and the growth gradually slowed down with increasing acetone than 100 ppm. Among the whole fabricated series, the response of the sensor based on the sample S-2 α-Fe~2~O~3~/NiO nanosheet-covered fibers were apparently higher than that of the other samples to various acetone concentrations we tested, shown in the Fig. [6d](#Fig6){ref-type="fig"}. Moreover, we could find that the response of the sensor S-2 based on α-Fe~2~O~3~/NiO nanocomposites did not tend to saturation gradually when the acetone concentration was raised to 100 ppm, although the increasing trend slowed down with the further increase of the acetone concentration. The result exposed that all the sensors presented tremendous response and recovery features with respect to diverse acetone concentrations ranging from 5 to 100 ppm. The response and recovery features of all the synthesized sensors to 100 ppm acetone at 169 °C were presented in Fig. [S4](#MOESM1){ref-type="media"}. Consequently, the sensor S-2 based α-Fe~2~O~3~/NiO composites have displayed quick response and recovery times of 26 s and 37 s, respectively, to 100 ppm acetone at 169 °C. The relatively rapid response and recovery of S-2 based nanocomposites contribute to the real-time detection of acetone gas.

The acetone sensitivity of sensor based on NiO nanofibers and S-2 based α-Fe~2~O~3~/NiO nanosheet-covered fibers were explored in an operating temperature of 169 °C for various known value relative humidity 15, 30, 45 and 60% HR, as plotted in Fig. [6e](#Fig6){ref-type="fig"}. According to the two direct interaction mechanisms proposed by Heiland and Kohl^[@CR52]^, water vapour provides the essential conditions for oxygen adsorption, electrons and oxygen vacancies. At a certain extent, the water adsorption could accelerate the oxygen adsorption. The variation in the total concentration of adsorption sites \[S~t~\] is shown as:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$[{S}_{t}]={[S}_{{\rm{t0}}}]+{{\rm{k}}}_{{\rm{0}}}.{\rho }_{{H}_{2}O}$$\end{document}$$where \[S~t0~\] is intrinsic concentration of adsorption sites, k~0~ is adsorption constant for water vapour and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{{H}_{2}O}$$\end{document}$ is the partial pressure of water vapour, respectively. The partial pressure of water vapour ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{{H}_{2}O}$$\end{document}$) is proportional to the mass of relative humidity (RH). With the rises of relative humidity, the total concentration of adsorption sites \[S~t~\] increases, and the rate of coverage of hydroxyl groups and oxygen species altered. Thus, the relative humidity sensitivity of sensors based on NiO and S-2 based composites depends on the relative surface distribution, coverage of hydroxyl groups and oxygen species^[@CR53]^. When the relative humidity is 15 and 30% HR, the sensitivity of both NiO and S-2 sensor is low, due to less number of hydroxyl groups and oxygen species on the surface of sensing materials. The best sensitivity response to acetone is in 45%, which is contributed to the small coverage of hydroxyl groups that cannot constrain the acetone adsorption and the coverage of oxygen species increase. When the relative humidity increases up to 60% RH, the sensitivity response starts to decrease, which might be due to large coverage of hydroxyl groups and the adsorption of oxygen can be limited. The superior humidity sensing response of sensors based on S-2 to that of NiO might be due to the impact of porosity that boosted the diffusion of water vapors.

In order to reflect the enhanced sensing performance of as-synthesized sensors, the results obtained in this study were quantitatively compared with those stated by many research groups about n-type *α*-Fe~2~O~3~ and p-type NiO based sensors towards acetone, listed in Table [2](#Tab2){ref-type="table"}. The gas response of S-2 based α-Fe~2~O~3~/NiO nanosheet-covered fibers was the highest at low acetone concentration and relatively lower operating temperature of 169 °C, showing comparatively higher efficiency than those reported in the given literature^[@CR16],[@CR54]--[@CR56]^. Therefore, it is believed that novel S-2 based *α*-Fe~2~O~3~/NiO nanosheet-covered fibers prepared in this study provide great interest for the further analysis in the field of gas-sensing application.Table 2Comparison of the sensing performance between the current works with previously reported results^[@CR16],[@CR54]--[@CR56]^.MaterialsAcetone Conc. (ppm)Operating temperature (°C)Sensing response (R~g~/R~a~)Ref.Fe-Doped Ordered Mesoporous NiO502403.9^[@CR16]^Flower-like NiO-decorated ZnO microstructures10030023.5^[@CR54]^p-NiO/n-ZnO heterostructure10033012^[@CR55]^rGO/-Fe~2~O~3~composites10022513.9^[@CR56]^S-2 based α-Fe~2~O~3~/NiO nanosheet covered fibers10016918.34This work

Gas-sensing mechanism {#Sec4}
---------------------

In order to better understanding of the enhanced gas sensing features of sensors based on α-Fe~2~O~3~/NiO nanosheet-covered fibers, the gas sensing mechanism of SMOs is presented first. The simple sensing mechanism of n-type or p-type SMOs broadly involves the variation in electrical conductivity/resistivity due to the chemical reaction of gas molecules with the surface involving gas adsorption, surface reaction, and desorption processes, which can be well implicit by the depletion layer or space-charge model^[@CR57],[@CR58]^. Generally, the adsorption and desorption of target gas molecules on the surface of SMO-based sensing materials can lead to the reaction process of electron exchanges, which are transmitted by the surface adsorbed oxygen species O^δ−^ (O~2~^−^, O^−^ and O^2−^)^[@CR59],[@CR60]^. Such electron shifting causes variations in the resistance of sensing devices by making changes in the thickness of their depletion layers. Thus, the sensing properties can be upgraded by enhancing its resistance deviation. The graphic illustration of the acetone gas sensing mechanism on the surface of sensors based on heterostructure α-Fe~2~O~3~/NiO nanosheet-covered fibers in the presence of air and target gas was illustrated in Fig. [7a](#Fig7){ref-type="fig"}.Figure 7(**a**) Schematic diagrams of the acetone sensing mechanisms of heterostructure α-Fe~2~O~3~/NiO nanosheet-covered fibers in the presence of air and target acetone gas. The proposed energy band structure; (**b**) NiO and α-Fe~2~O~3~ in air before combination and (**c**) α-Fe~2~O~3~/NiO heterojunction in acetone. XPS spectra for O 1 s; **(d)** Bare NiO nanofibers, **(e)** S-2 based and **(f)** S-3 based on α-Fe~2~O~3~/NiO nanosheet-covered fibers.

The enhanced sensing properties of sensors based on heterostructure α-Fe~2~O~3~/NiO nanosheet-covered fibers as compare to bare NiO fibers may be attributed to the creation of p-n junction between p-type NiO nanofibers and n-type α-Fe~2~O~3~ nanosheets. First, we used (α)^2^(hʋ)^2^\~hʋ relation curve to compute the energy band gap of NiO nanofibers and α-Fe~2~O~3~ nanosheet from their UV-vis spectrum, as shown in Fig. [S5](#MOESM1){ref-type="media"}. The band gaps calculated for NiO and α-Fe~2~O~3~ were 3.37 and 2.05 eV, respectively. Then we mentioned some literatures to get the Fermi level (NiO: 5.0 eV, α-Fe~2~O~3~: 4.39 eV), valence band of NiO (5.5 eV) and conduction band of α-Fe~2~O~3~ (4.09 eV)^[@CR61]--[@CR65]^. According to this data, the energy band configuration of NiO and α-Fe~2~O~3~ in air before combination had been drawn and presented graphically in Fig. [7b](#Fig7){ref-type="fig"}. After the formation of heterojunction, the energy band configuration of the composites based on *α*-Fe~2~O~3~/NiO in acetone had been drawn and presented graphically in Fig. [7c](#Fig7){ref-type="fig"}. A relative opposite motion of charge carriers took place at the junction of p-type NiO and n-type α-Fe~2~O~3~ to obtain equalization of Fermi levels, which results in band bending. As a consequence of generation of an electric field in the space charge region nearby the p-n interfaces, the energy bands in the side of NiO bend downwards and the energy bands in the side of α-Fe~2~O~3~ bend upwards. Instantaneously, an hole accumulation layer had been formed on the side of α-Fe~2~O~3~ while electronic depletion layer formed on the side of NiO. The oxygen molecules from air adsorbed on the surface of sensors based on α-Fe~2~O~3~/NiO nanocomposites will capture electrons from the conduction bands of both α-Fe~2~O~3~ and NiO and produce oxygen ions O^δ−^ adsorbed on the surface, which results in the further widening of electron depletion layer and hole depletion layer on the surface of α-Fe~2~O~3~ and NiO metal oxides, respectively. Upon exposure to acetone gas, the acetone molecules react with chemically adsorbed oxygen ions O^δ−^and breakdown into CO~2~ and H~2~O with release of the captured electrons back to Ni vacancies, thus result in the upsurge of the resistance of the composites α-Fe~2~O~3~/NiO nanosheet-covered fibers. Consequently, the sensitivity response of the S-1, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers compared to bare NiO nanofibers toward acetone test gas clearly amplified due to the p-n heterojunction effect which results in the increment of the initial resistance and the degeneration in the equivalent hole concentration of the α-Fe~2~O~3~/NiO nanocomposites.

As the differences in sensing properties among samples is associated to the surface chemical composition and microstructure of the as-prepared sensors. Consequently, the O 1 s peaks of bare NiO, S-2 and S-3 based α-Fe~2~O~3~/NiO nanosheet-covered fibers were asymmetrically fitted into three dissimilar components^[@CR66]^, presented in Fig. [7d--f](#Fig7){ref-type="fig"}. The binding energies at about 527.55 eV (O~L~), 529.24 eV (O~V~), and 530.60 eV (O~C~) with ±0.2 eV errors, respectively, were ascribed to lattice oxygen (O~L~), oxygen deficient regions (O~V~), and chemisorbed oxygen species (O~C~). The relative percentages of O~L~, O~V~, and O~C~ components were approximately 62.73%, 24.31% and 12.94% in the bare NiO nanofibers, 34.41%, 34.34% and 31.23% in the S-2 based α-Fe~2~O~3~/NiO nanocomposite, while they were 38.90%, 29.96% and 31.12% in the S-3 based α-Fe~2~O~3~/NiO nanocomposite. As the sensor based on S-2 composite has large number of oxygen contents such as huge number of chemisorbed oxygen (O~C~) and vacant oxygen (O~V~) on its surface, which provides comparatively more active sites and stronger adsorption capability for acetone gas to release more electrons during redox reaction as compare to bare NiO and S-3 based sensor, which suggests qualitatively that S-2 based α-Fe~2~O~3~/NiO nanocomposites display an optimal sensing behavior with fast response-recovery times^[@CR16],[@CR66]^. Thus, the enhanced gas-sensing behavior of sensors based on α-Fe~2~O~3~/NiO nanocomposites might be attributed due to the small size effect of α-Fe~2~O~3~ nanosheets, large surface morphology with numerous oxygen components and the synergetic effect prompted by the compact interfacial interaction between α-Fe~2~O~3~ and NiO heterojunctions.

Conclusion {#Sec5}
==========

The ultralong NiO nanofibers were synthesized by a facile electrospum technique and then further functionalized by decorating α-Fe~2~O~3~ nanosheets using an easy hydrothermal strategy. The electron microscopic images exposed that the α-Fe~2~O~3~ nanosheets were deposited epitaxially on the surfaces of NiO nanofibers to produce α-Fe~2~O~3~/NiO nanosheet-covered fibers. The gas sensors were fabricated from the as-produced samples based on α-Fe~2~O~3~/NiO nanocomposites, which exhibited enhanced sensing response and excellent selectivity toward acetone gas at relatively low temperature compared to bare NiO nanofibers. The sensing response of S-2 based α-Fe~2~O~3~/NiO nanosheet-covered fibers were 18.24 to 100 ppm acetone gas at 169 °C, which was about 6.9 times higher than that of bare NiO nanofibers. The upgraded gas sensing performance of nanocomposites based on α-Fe~2~O~3~/NiO nanosheet-covered fibers could be attributed to the unique large surface morphology, p-n heterojunctions and the synergetic performance of α-Fe~2~O~3~ and NiO.

Methods {#Sec6}
=======

Materials {#Sec7}
---------

Nickel (\|\|) chloride hexahydrate, NiCl~2~•6H~2~O (98.0%); Iron (\|\|\|) chloride hexahydrate, FeCl~3~•6H~2~O (98.5%); Anhydrous Sodium carbonate, Na~2~CO~3~ (99.8%); Polyvinyl pyridine, PVP (Average molecular weight 1300, 000); Dimethylformamide, DMF; Absolute ethanol and Acetone (99.0%) were bought from Sigma Aldrich Company.

Preparation of the electrospum NiO nanofibers {#Sec8}
---------------------------------------------

The pure NiO nanofibers were synthesized by electrospinning procedure followed by annealing. In this synthesis, 1 g NiCl~2~•6H~2~O was mixed with 4 g DMF and 6 g ethanol under stirring for 20 minutes. Afterward, 1.5 g of PVP was added into the above solution under vigorous stirring for 4 hour. The precursor's solution was placed statically for one day to eliminate the gas bubbles before electrospinning. Then, the precursors solution was loaded into a glass syringe with a stainless steel needle connected to a diverse high voltage power range upto 30 kV. A smooth steel plate covered with aluminum foil was used as collector to collect the fibers. A 13 kV was provided between anode (needle) and cathode (collector) at a distance of 20 cm with feeding rate of 0.06 mm/min. Finally, the as-spum PVP-NiO nanofibers were calcined at 600 °C for 3 hours in air in order to eliminate PVP to get pure NiO nanofibers.

Hydrothermal growth of α-Fe~2~O~3~ nanosheet on the NiO fibers {#Sec9}
--------------------------------------------------------------

The composites based on α-Fe~2~O~3~/NiO nanosheet-covered fibers were synthesized by hydrothermal procedure followed by calcination. A 0.1 g of FeCl~3~•6H~2~O and 0.5 g anhydrous Na~2~CO~3~ were dissolved in 20 ml deionized water under stirring condition for 20 minutes. A suitable amount of 0.6 g NiO fibers mat was mixed to the above FeCl~3~ solution. Then, the solution was shifted into a 25 ml Teflon-based autoclave, wrapped and incubated at 80 °C for 4 h. Finally, the autoclave was refrigerated to room temperature and the fiber products were collected by washing with distilled water and ethanol to eliminate the unwanted soluble ions. Finally, the obtained products dried out at 70 °C in vacuum and then calcined in a muffle furnace at 500 °C through a heating rate of 2.0 °C/min and further annealed at 500 °C for 2 hour. Subsequently, a suitable amounts of FeCl~3~.6 H~2~O (0.3 g and 0.6 g) were used in synthesis along with other additives mentioned earlier for comparative studies. The concentration of Fe content in these three as-prepared nanocomposites based on α-Fe~2~O~3~/NiO materials is summarized in Table [1](#Tab1){ref-type="table"}.

Characterization {#Sec10}
----------------

The as-produced bare NiO and nanocomposites based on α-Fe~2~O~3~/NiO samples were examined using various characterizing techniques. The X-ray diffraction patterns (XRD) of all samples were collected by using the Empyrean 200895 model pro-equipped with copper Kα radiation source in the 2θ range of 10--80°. The scanning electron microscope (SEM) with model Hitachi S-4800 attached to Energy Dispersive X-rays (EDX) spectroscopic system as well as transmission electron microscope (TEM) with model JEOL, JEM-1010 were operated to observe the size and structural morphologies of all the prepared samples. The doping concentration of Fe in various composites based on α-Fe~2~O~3~/NiO samples were studied by energy dispersive x-ray spectroscopy (EDX's).The X-ray photoelectron spectroscopy (XPS) characterization of the samples were achieved with Mg Kα X-ray source using an analytical AXIS SUPRA model. The specific surface area investigation of all the samples were achieved by Brunauer--Emmett--Teller method (BET) with N~2~ gas adsorption through an Autosorb-IQ2-MP surface analytical instrument.

Gas-sensors fabrication and measurement {#Sec11}
---------------------------------------

The comprehensive of gas-sensors fabrication and measurement can be found in our earlier report^[@CR67]^. The gas sensors were made-up of the thick films obtained from the powder suspension of the as-produced bare NiO and nanocomposites based on α-Fe~2~O~3~/NiO samples. Each sample was mixed in separate beaker containing ethanol and ultra-sonicated into slurry, and then it was pasted onto an Al~2~O~3~ ceramic tube by using brush to form a thick film between Au electrodes on the alumina ceramic tube. The thickness of prepared films is about 20--30 μm with the diameter of the tube is about 1.2 mm and the space between two parallel electrodes is ∼6 mm. In our case, the gas-sensing measurements were carried-out on an intelligent gas sensing analysis system (CGS-1TP, Beijing Elite Tech Co., Ltd, China). The saturated target gas was introduced into the test chamber of 18 liters by a micro-injector using a rubber plug. Hence, the sensors resistance were collected and explored by the system in real time. The sensor temperature adjusted conductively with an accuracy of 1 °C by the analysis system presented an external temperature control (from room temperature to 500 °C) and the relative humidity in the system could be controlled by a dehumidifier. The sensing response (Sr) towards target gas was defined as R~g~/R~a~, where R~a~ and R~g~ are the resistance of the sensor in the presence of air and target gas, respectively. Herein, the gas-sensing measurements were carried out at a functioning temperature of 169 °C with optimized relative humidity of 45%.
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